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for fruit with different coatings�
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Abstract

Oranges, bell peppers and apples were treated with different coatings, and measurements were made of gas permeance through
the peel. Shellac and wood resin coatings reduced ethane permeance of orange and apple peels by approximately 95% from the
values for non-coated peel, and carnauba wax coatings gave about 85% reduction. The experimental procedure enabled us to
make multiple measurements on the individual fruit CO2 and ethylene production, internal gas concentrations and permeance.
These measurements showed that some individual fruit were atypical in terms of CO2 and ethylene production or permeance.
Application of coatings resulted in some fruit having markedly high values of internal CO2 and low O2. High-barrier coatings
not only caused large decreases in internal O2 and increases in CO2; but these also resulted in much larger variation in internal
gas concentrations in different individual fruit with the same coating, much larger than the variation between different individual
non-coated fruit. Because fruit quality is much dependent on internal gas concentrations, this means that high-barrier coatings
result in fruit with higher variation in product quality.
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. Introduction

The ease with which gases pass through the surfaces
f fruits and vegetables is of considerable importance

o preservation of quality. The O2 required for normal
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respiration must pass from the atmosphere throug
peel in order to reach the inside of the fruit, and
CO2 released by respiration must also pass throug
order to escape the interior of the fruit. As is w
known, fruit and vegetables quickly become ined
and rotten when stored inside a barrier that blocks
supply of O2 needed for respiration, and/or preve
the CO2 produced by respiration from escaping. S
blockage lowers and raises the interior O2 and CO2
concentrations, respectively.

The quality of fruits and vegetables is affected
important ways by interior concentrations of ga
The control of quality changes by modified-atmosph
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storage depends on regulation of environmental con-
centrations of O2 and CO2, which in turn affect their
internal concentrations. Ripening and color of fruits is
influenced by ethylene concentration. Flavor is depen-
dent on the amount of volatile esters, alcohols, alde-
hydes and other compounds retained inside the fruit or
vegetable. The efficacy of methyl bromide quarantine
fumigation of the fruit interior depends on the amount
of that gas that passes through the peel into the fruit
interior.

It is well-known that barrier properties of peel are
altered considerably by the washing and waxing that
fresh fruits and vegetables undergo when prepared for
marketing (Amarante and Banks, 2001; Hagenmaier
and Baker, 1994). The natural waxes that serve as barri-
ers to loss of water tend to be removed from the surface
when the fruit is washed, resulting in more rapid dehy-
dration. The coatings that are applied to apples and
citrus fruit form barriers to the passage of O2 and CO2
through the fruit peel.

There are two ways to modify a peel to change its
barrier properties, reflecting the two ways a gas can
migrate through a barrier: (1) free diffusion through
holes in the peel, such as lenticels, stomata, stem
scars and injuries, and (2)classical permeance, which
consists of a gas dissolving into a barrier on its
high-concentration side, diffusing through the barrier,
and coming out of solution on the low-concentration
side.

The amount of gas passing through the peel by dif-
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is proportional to concentration difference.

dCin

dt
= K (Cout − Cin) (1)

whereCout is the gas concentration outside the fruit
(but inside the container),Cin the internal gas concen-
tration (the gas concentration inside the fruit) andt the
exposure time (in min). TheK value, which has units of
t−1, includes both diffusion andclassical permeance,
and is therefore dependent on peel area and hole area.

2. Materials and methods

2.1. Preparation of fruit

‘Valencia’ oranges were harvested in Polk county,
Florida. Apples were from Washington, shipped cour-
tesy of Publix Super Markets in refrigerated trucks to
Winter Haven, Florida. The bell peppers were pur-
chased from a grocer in Winter Haven. The coat-
ings were obtained from manufacturers or made in
our laboratory. The commercial coatings were two
carnauba wax coatings (Brilliance from CH2O Inc.,
Olmypia, WA and Natural Shine 9000 from Pace Inter-
national, Seattle, WA), a shellac coating (APL-LUSTR
275 from Cerexagri, Monrovia, CA) and a resin coat-
ing (Sta-Fresh 590HS from FMC, Lakeland, FL). The
coatings made in our laboratory consisted of a shel-
lac coating (17.4% shellac, 2.6% morpholine, 0.9%
f kel
C ne
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usion is proportional to the hole area, the coeffic
f inter-diffusion of that gas into air, and the conc

ration gradient. The amount of gas passing throu
arrier byclassical permeanceis proportional to th
eel area, the gas solubility in the peel, the solid-s
iffusion coefficient, and the concentration gradi
ameron and Yang (1982)developed a procedure f
sing ethane to measure the barrier properties of to
kin. This procedure consisted of holding the frui
container into which ethane is injected, then tr

erring the fruit to a second, ethane-free container
easuring the head space of that second contain
ifferent times. A newer method that involves meas
ent of internal gases was recently developed in

aboratory (Hagenmaier, 2004). For both permeanc
nd diffusion the rate at which a gas passes throu
arrier is proportional to the difference in concentra
cross the barrier. The rate of change of concentr
ood grade oleic acid [Emersol 6321 from Hen
orp., Los Angeles, CA], 0.7% KOH, 0.5% propyle
lycol, 0.5% polyethylene glycol 600, 0.007% po
imethylsiloxane antifoam, balance water), a carna
ax coating (16.7% carnauba wax no. 3, 3.3% f
rade oleic acid, 2.5% morpholine, balance water),
olyethylene (16.7% AC680 polyethylene [from Ho
ywell, Morristown, NJ], 3.3 % food grade oleic ac
.5% morpholine, balance water). A candelilla w
oating (18.6% candelilla wax, 2.3% food grade o
cid, 1.1% myristic acid, 0.9% NH3, balance wate

hat was made in the laboratory contained 22%
olids, and was used at that concentration or dil
ith water as specified. The wax microemulsions m

n our laboratory also contained about 0.002% p
imethylsiloxane antifoam [SE21 from Wacker S
ones Corp., Adrian, MI]. The fruit were coated
ubbing on the coating with gloved hands. Fruit w
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weighed about 10 s before and again 10 s after applica-
tion, to determine the wet weight of the coating applied.
The mean amount of wet coating applied to oranges
and apples was 0.32 g per fruit. For bell peppers the
mean amount of liquid coating was 1.3 g for a can-
delilla coating with 22% total solids, and 0.6 g with
other coatings. The coated fruit were stored at 20◦C,
60% relative humidity before measurement of internal
gases and gas permeances at that same temperature.
The duration of storage was 1 day, 1 week and 3 weeks
for the bell peppers, apples and oranges, respectively.

2.2. Measurement of ethane gas permeance

The sample containers were cans of 4 L capacity,
each connected to a diaphragm pump for recirculat-
ing the headspace gas at 2 L min−1. Three to five fruit
were put into a can, the pump started and sufficient
hydrocarbon indicator gas (normally ethane, see Sec-
tion 3) was injected into the can to bring the headspace
concentration to about 300�L L−1 (0.03 kPa). Samples
of the circulating gas were withdrawn at 5 min inter-
vals for analysis. The can was opened, the exposure
time recorded, and the fruit withdrawn immediately
(within 5 s) to be submerged in water, and kept there
for 1–4 min each until a sample of internal gas was
withdrawn. For this method,Cout was virtually con-
stant. Therefore, Eq.(1) integrates to
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calculated as the amount withdrawn before injection
plus

Volfruit = Volvial × Concvial

Concfruit
(3)

Another method to determine internal gas volume
was the removal of gas under vacuum. An individual
fruit was placed in a beaker containing 2 L of recently
He-purged water, positioned under an inverted 2 L plas-
tic bottle with the bottom removed and closed at the
neck with a rubber stopper fitted with a stopcock valve.
After removal of gas from the inverted bottle the stop-
cock was closed and a vacuum applied (10± 0.3 kPa for
90 s). The gas captured under the bottle was removed
within 2 min after release of the vacuum.

The production rates of ethylene and CO2 were
determined by placing fruit in closed containers for
2–4 h and monitoring increase in headspace concen-
tration of these gases. The interior gas concentrations
of ethylene and CO2 were determined from measure-
ment of interior gas concentrations. The permeance of
CO2 and ethylene through the peel were calculated
by dividing the ethylene flux rates by the difference
in concentrations of these gases inside and outside
the fruit. The permeance of ethane was calculated as
K× Volfruit .

All permeance values were calculated per unit of
surface area, to make for easy comparison, even though
‘hole’ area rather than surface area may be the deter-
mining value. Surface areas for oranges and ‘Fuji’
a
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he method involved direct measurement ofCout, Cin
nd t, and thus made for easy calculation of theK
alue. In order to calculate total quantity of gas p
ng through the peel, it is also necessary to know
nternal gas volume of the fruit.

.2.1. Internal gas volume
A partial vacuum was created inside the subme

ruit by removing about 1 ml of internal gas by syrin
measured amount (100�L) of a low-solubility

arker gas (propane, butane or neon) was inje
he fruit kept submerged in water for 20 min, and
nternal gas sample withdrawn to determine the in
al concentration of the marker gas. For calibration
ame amount of marker gas was injected into 33.5
apacity glass vials. The gas volume of the fruit
pples were calculated as 4π Rave
2 whereRavewas the

ean radius of the fruit. Surface areas for bell pep
nd ‘Red Delicious’ apples were determined by m
uring the weight increase after covering the sur
ith tape of measured surface density.

.3. Analysis of gases, statistics

The column used for analysis of O2, CO2, Ne and
2 was the CTR I column (Alltech, Deerfield, IL
omprised of two concentric packed stainless-s
ubes, 1.8 m long, the outer tubing having 6 mm
ide diameter and packed with an activated molec
ieve packing that irreversibly absorbs CO2. The gas
amples were injected using an 8-port dual exte
ample injector (Valco Instruments Co. Inc., Ho
on, TX). Loop capacity was 170�L for internal gas
amples. The detector and column temperatures
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120 and 70◦C, respectively, the column flow rate was
1.2 mL s−1 (at 200 kPa). The gas chromatogram was
a Model 5890 (Agilent Technologies, Wilmington,
DE).

Samples of internal gas were taken from fruit held
under water, using glass syringes with wetted barrels
to hold the samples until injection into the gas chro-
matograph. In order to avoid contamination with atmo-
spheric O2, the syringe was previously flushed with
N2, and the tip fitted with a metal stopcock. Standard
gases were injected before and after analysis of sam-
ples. Samples of room air were also analyzed regularly
during the day.

The column used for analysis of ethane, ethy-
lene, propane and butane was a Unibeads 2S 68/80,
1.8 m× 3 mm column operated at head pressure of
200 kPa and column flow of 1.0 mL s−1. A gas chro-
matograph (Perkin-Elmer model Auto-System) was
used with injection, oven and FID detector tempera-
tures of 250, 115, 250◦C, respectively. Loop capacity
was 50�L for all measurements related to permeance
constants, and 250�L for measurement of ethylene
production rates.

Data were analyzed with Statistics 7 (Analyti-
cal Software, Tallahasee, FL) using the Tukey test
at p< 0.05 for comparison of means. In cases of
multiple measurements on individual fruit, the first
measurements were CO2 and ethylene production,
which do not involve puncturing the fruit. The fruit
exposed to ethane and internal gases were measured
f s
w ected
a ation
o was
m

3. Results and discussion

3.1. Mean results for the treatments

The treatment means show that application of
coatings drastically reduces the rate at which gases
can pass through the coated peel of oranges and
apples compared to uncoated, but not bell peppers
(Tables 1–3). Compared to non-coated ‘Valencia’
oranges, those coated with a high-gloss, resin-based
coating (HS 590) had ethane and CO2 permeance
reduced by 93 and 70%, respectively. The CO2 per-
meance was less affected than the ethane permeance.
Oranges coated with candelilla wax, carnauba wax
or polyethylene wax had permeance values between
those of non-coated fruit and fruit with the high-gloss
coating. The values of internal O2 and CO2, were
most different from environmental values (0.4% CO2,
20.7% O2) for the resin coating. The wax coatings
reduced the mean internal O2 by about 3–9 kPa and
also reduced the CO2 production rate to a value lower
than that of non-coated control. The resin coating
drastically lowered the internal O2 to a mean value of
only 0.2 kPa, which evidently was too low a concen-
tration to support aerobic respiration, judging from
the fact that this also increased the CO2 production
rate.

The results for apples followed the same trends, but
with somewhat different results (Table 2). Compared
to non-coated ‘Fuji’ apples, the application of shel-
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ere also measured. Next, marker gases were inj
nd internal gases measured. Vacuum determin
f internal gases followed. Finally, surface area
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able 1
ean values of internal gases and barrier properties of the pee

Internal
O2 (kPa)

Internal CO2

(kPa)
CO2 Prod
(mmol kg−

90 HS 0.2 a 22.0 a 0.70 a
andelilla 6.1 bc 8.5 bc 0.31 b
rilliance 3.3 ab 14.0 b 0.39 b
olyethylene 9.0 c 6.6 c 0.40 b
o coat 13.5 d 5.3 c 0.53 ab

he application rate for all coatings was 3 g m−2, dry weight basis
ignificantly different (p< 0.05, Tukey).
ac coatings reduced the values of ethane, ethylen
O2 permeance by about 95, 95 and 87%, respecti
he two carnauba wax coatings reduced these v
omewhat less. For ‘Red Delicious’ apples the co
ponding reductions were 84, 73 and 81%, respect

alencia’ oranges stored at 20◦C with different coatings,n= 15

Permeance (nmol m−2 s−1 Pa−1) Permeance rat
(C2H6/CO2)

C2H6 CO2

0.02 a 0.11 a 0.16 a
0.05 ab 0.12 a 0.42 b
0.05 ab 0.11 a 0.40 b
0.11 b 0.24 b 0.44 b
0.30 c 0.40 c 0.77 c

values in the same column that are followed by different lett
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Table 2
Mean values of internal gases and barrier properties of the peel for coated apples stored at 20◦C

Varietya Coatb Internal gas concentrations Production rates Permeance (nmol m−2 s−1 Pa−1)

CO2

(kPa)
O2

(kPa)
C2H4

(Pa)
CO2

(mmol kg−1 h−1)
C2H4

(�mol kg−1 h−1)
CO2 C2H4 C2H6

F S 21.8 a 1.9 a 1.4 a 0.34 ab 0.3 a 0.07 a 0.02 a 0.01 a
F AL 21.3 a 2.4 a 1.7 a 0.32 ab 0.5 a 0.07 a 0.02 a 0.01 a
F C 9.5 b 5.5 b 2.6 a 0.26 a 1.5 a 0.10 a 0.05 a 0.03 a
F B 8.8 b 2.9 ab 5.1 a 0.23 a 2.4 a 0.10 a 0.03 a 0.02 a
F N 2.8 b 17.7 c 1.7 a 0.39 b 9.3 b 0.55 b 0.67 b 0.27 b
RD AL 12.7 a 6.1 a 30.4 a 0.30 a 26 a 0.08 a 0.10 a 0.05 a
RD C 8.2 b 10.6 b 31.4 a 0.41 ab 22 a 0.13 a 0.07 a 0.07 a
RD N 2.6 c 17.5 c 9.2 b 0.45 b 24 a 0.49 b 0.06 b 0.22 b

Mean values for the same variety in the same column that are followed by different letters are significantly different (p< 0.05, Tukey).
a F: ‘Fuji’; RD: ‘Red Delicious’.
b S: shellac coating made in laboratory; AL: the shellac coating ‘APL-LUSTR 275’; C: carnauba wax coating made in laboratory; B: the

carnauba wax coating ‘Brilliance’; N: no coating.

Table 3
Mean values of internal gases and barrier properties of the peel for bell peppers stored at 20◦C

Internal CO2 (kPa) CO2 production (mmol kg−1 h−1) Permeance (nmol m−2 s−1 Pa−1)

C2H6 CO2

22% Candelilla 2.1 a 0.77 a 0.43 a 0.79 a
16% Candelilla 1.6 a 0.70 a 0.40 a 0.93 a
10% Candelilla 1.9 a 0.77 a 0.41 a 0.88 a
10% Carnauba 2.0 a 0.68 a 0.27 a 0.65 a
No coat 1.6 a 0.69 a 0.42 a 0.95 a

Mean values in the same column that are followed by different letters are significantly different (p< 0.05, Tukey).

Table 4
Coating loads and weight loss at 60% RH, 20◦C

Fruit Coating Amount applied
(dry basis) (g m−2)

Weight loss

(% d−1) As water vapor permeance
(nmol m−2 s−1 Pa−1)

Fuji Brilliance 3.9 0.11 c 11
Carnauba 3.5 0.09 c 9
Shellac 3.3 0.12 c 13
APL LUSTR 275 3.8 0.15 b 15
No coat nil 0.18a 18

Red Delicious Carnauba 2.5 0.11 c 9
APL LUSTR 275 2.6 0.16 b 11
No coat nil 0.20 a 13

Bell peppers Natural shine 9000 3.4 1.0 b 42
Candelilla (10%) 3.2 0.7 c 36
Candelilla (16%) 4.9 1.0 c 53
Candelilla (22%) 15 0.7 c 36
No coat nil 1.8 a 85

The values for the same variety in the same column that are followed by different letters are significantly different (p< 0.05, Tukey).



R.D. Hagenmaier / Postharvest Biology and Technology 37 (2005) 56–64 61

Fig. 1. Internal CO2 and O2 concentrations of individual ‘Valencia’
oranges with different coatings.

The mean internal O2 values were not nearly so low as
for the oranges.

For the bell peppers the only significant difference
between coatings was weight loss, which was much
reduced with candelilla wax coatings, even at fairly
low concentration (Table 4).

3.2. Results from individual fruit

The internal CO2 and O2 values for individual
oranges and apples showed a rather tight cluster of val-
ues for non-coated fruit, but a rather wide range for
coated fruit (Figs. 1–3). A plot of internal O2 versus
internal ethylene for Red Delicious apples shows the

F h
d

Fig. 3. Internal CO2 and O2 concentrations of ‘Red Delicious’ apples
with different coatings.

same (Fig. 4). The internal gas values were particu-
larly scattered for fruit with shellac and resin coatings,
which caused the most reduction in peel permeance
(Figs. 1–4). Compared to non-coated apples, lower
internal O2 and higher internal CO2 internal gas con-
centrations for coated fruit are caused by the relatively
lower permeance of the peel. The non-coated fruit
had sufficiently high permeance that even individual
fruit with unusually high values of CO2 respiration or
ethylene production showed relatively little change of
internal gases.

Taking note of the fact that the difference between
atmospheric and internal values of gas concentration
is inversely proportional to the permeance constant,

F -
f

ig. 2. Internal CO2 and O2 concentrations of ‘Fuji’ apples wit
ifferent coatings.
ig. 4. Internal ethylene and O2 of ‘Red Delicious’ apples with dif
erent coatings.
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Table 5
Data for some individual ‘Valencia’ oranges,n= 2 for each measurement

Orange no. Coating CO2 production
(mmol kg−1 h−1)

Internal gas concentration (kPa) Permeance (nmol m−2 s−1 Pa−1)

CO2 O2 CO2 C2H6

1 590 HS 0.31 11.9 0.2 0.10 0.01
2 590 HS 0.47 18.8 0.1 0.11 0.01
3 590 HS 1.23 36.7 0.2 0.13 0.02
4 Brilliance 0.34 7.5 7.1 0.16 0.06
5 Brilliance 0.33 13.0 3.0 0.09 0.06
6 None 0.45 3.3 16.3 0.51 0.29
7 None 0.75 12.2 3.1 0.22 0.11

it follows that a 95% decrease in permeance causes
a 20-fold increase in internal gas (CO2). This under-
scores the importance of gas permeance of the peel,
since it is well-known that the quality of fresh cit-
rus fruit, like that of many other fruits and vegetables
postharvest, is much affected by the internal concentra-
tions of CO2 and O2 (Ahmad and Khan, 1987; Ke and
Kader, 1990; Hagenmaier, 2002). The effect of coat-
ings on fruit is sometimes difficult to understand from
mean values of internal gases and permeance, or from
plots likeFigs. 1–4that only show two measurements
on each fruit (two fruit with 2 measurements/fruit).
Consider now a few individual fruit in more detail
(Tables 5 and 6). The reason resin coated oranges #1, 2
and 3 had considerably different internal CO2 concen-
trations (12, 19 and 37%, respectively) can be explained
by their different CO2 respiration values (0.31, 0.47
and 1.23 mmol kg−1 h−1, respectively,Table 5). In con-
trast, the reason oranges #2 and 6 had different internal
CO2 values (19 and 3%, respectively) seems to be the
large difference in CO2 permeance (0.11 and 0.51,
respectively). Oranges #1 and 7, which had quite dif-

ferent respiration rates (0.21 and 0.75 mmol kg−1 h−1,
respectively) had almost the same internal CO2 (11.9
and 12.2 kPa, respectively) because the peel of orange
#7 was more permeable, thus permitting the CO2 eas-
ier escape. In contrast, oranges #4 and 5 had almost the
same respiration rates but quite different internal CO2
concentrations (7.5 and 13.0 kPa, respectively) because
of differences in permeance.

Consider also some data for individual apples
(Table 6). Apple #2 had about eight times the ethylene
production of apple #1. The internal ethylene concen-
tration was also about eight-fold different because the
fruit had similar permeance values. By contrast, apples
#1 and 4 had about the same internal ethylene, despite
the much higher ethylene production of #4, because
the much higher permeance of #4 allowed ethylene to
escape more easily. Likewise, the higher peel perme-
ance of #6 explains why it had about the same internal
CO2 and C2H2 concentrations of #5, despite its much
higher CO2 and C2H2 production rates. The reason for
large fruit-to-fruit differences in permeance are most
likely caused by variability in breaks in the peel. How

Table 6
Data for some individual apples stored at 20◦C

Apple no. Typea Coatb Internal
CO2 (kPa)

Internal
C2H4 (Pa)

Production rates Permeance (nmol m−2 s−1 Pa−1)

CO2

(mmol
kg−1 h−1)

C2H4

(�mol
kg−1 h−1)

CO2 C2H4 C2H6 H2O

1 F AL 15.6 1.1 0.35 0.26 0.08 0.04 0.02 15.5
2 4
3 9
4 8
5 1
6 8

ing.
F AL 11.2 9.7 0.2
F AL 24.7 1.3 0.3
F N 2.6 1.1 0.3
RD C 8.3 63.7 0.1
RD C 8.9 56.7 0.3

a F: ‘Fuji’; RD: ‘Red Delicious’.
b AL: APL-LUSTR 275, C: carnauba wax coating, N: no coat
2.01 0.08 0.03 0.02 14.7
0.12 0.06 0.01 0.01 13.2
8.2 0.55 1.13 0.34 17.9

12.9 0.03 0.02 0.03 6.5
36.7 0.11 0.07 0.05 7.4
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Fig. 5. Ratio of permeanace (ethane/CO2) to ethane permeance for
‘Valencia’ oranges.

the production rates and internal gas concentrations of
these samples relate to one another can only be under-
stood by using measurements on the same fruit. Had
the internal gases been measured on one fruit and the
production rate on another, the differences would have
looked like experimental error.

The ethane and CO2 permeance for oranges and
apples seem to be related (Figs. 5–7). The high-barrier
coatings (shellac and resin-based) tend to have lower
ratios of ethane to CO2 permenace than non-coated
fruit, suggesting that there may be a different mecha-
nism of permenace for coated fruit. The logic is as fol-
lows. When diffusion is the primary mechanism, little
difference is expected for different gases, the gaseous
diffusion constant being rather similar (Table 7). How-
ever, the rates ofclassical permeanceof gases through
the same membrane are normally quite different. For
example, for 21 plastic films, the meanclassical per-
meanceof CO2 was 4.3 times the O2 permeance with
a range of 2.7–6.6 times (Stannett, 1985). A ratio of
about 4:1 also applies to many other films (Anonymous,

Fig. 6. Ratio of permeance (ethane/CO2) to ethane permeance for
‘Fuji’ apples.

Fig. 7. Ratio of permeance (ethane/CO2) to ethane permeance for
‘Red Delicious’ apples.

1995). This suggests the possibility that some coatings
block enough pores, thatclassical permeancebecomes
the dominant mechanism for passage of gases through
the peel.

Table 7
Calculated intermolecular diffusion constants for diffusion into nitrogen at 20◦C

CO2 O2 C2H6 C2H4

Literature value of van der Waals constantb (mL)a 42.7 31.8 63.8 57.1
The atomic diameter calculated fromb (Angstroms)b 3.24 2.94 3.70 3.57
Intermolecular diffusivity with N2 calculated from the diameter (cm2/s)c 0.208 0.234 0.188 0.199

a Values fromWeast, 1976. The van der Waalsb value is equal to four times the molecular volume (Glasstone, 1946).
b Calculated assuming that Avogadro’s number of spherical molecules has a volume of 1/4 of the van der Waals constant.

c Calculated from equation no. 5–64 (Hecht, 1990).
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The data show other evidence that the rates at which
different gases permeate or diffuse through the peel are
not easily related to one another. The mean ratio of
ethylene permeance to ethane permeance for all indi-
vidual apples was about the same for all coatings; the
mean value was 2.2± 0.5. The expected ratio for dif-
fusion through holes would be about 1.06, calculated
as 0.199/0.188, the ratio of their intermolecular diffu-
sivities in air (Table 7).

The effect of coatings on water loss is a well-
known example of how coatings differently affect bar-
rier properties of peel. Weight loss data converted to
the same units as those used for peel permeance to
CO2, C2H4 and C2H6, showing that water vapor per-
meance of the peel is much larger and differently
affected by coatings than is permeance to other gases.
For example, water vapor permeance was decreased
from 0.85 to 0.36 nmol m−2 s−1 Pa−1 by application of
22% candelilla wax coatings to bell peppers (Table 4),
while at the same time the ethane permeance was
unchanged (Table 3). Application of shellac to Fuji
apples only decreased the water vapor permeance of
Fuji apples by about 30%, but it decreased the val-
ues for C2H4 and CO2 permeances by 97 and 87%,
respectively (Table 2).

It would be interesting to know how coatings
decrease peel permeance for methyl bromide and to
evaluate how rapidly its internal gas concentration rises
during fumigation of fresh fruit. This, however, would
be difficult to measure because of the relatively larger
s to
e s in
t to the
w

3

mea-
s rior

T
M

T

‘
‘
‘
‘

gas volumes. The individual volume: weight ratios
were used in the calculations. The mean values may
be of interest for other purposes (Table 8).

4. Conclusion

Application of shellac or resin coatings resulted in
large decreases in gas permeance and/or diffusion of
fruit peel, possibly because of blockage of holes. These
same coatings resulted in large decreases in internal
O2 and increases in CO2, and also much variation in
internal gas concentrations in different individual fruit
with the same coating, much larger than the differences
between different individual non-coated fruit. Because
fruit quality is dependent on internal gas concentra-
tions, this means that low-permeance coatings result in
fruit with higher variation in product quality.
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